Polygoni Perfoliati Herba is widely used in China with antibacterium, anti-inflammatory, expectorant, antitumor, and antivirus activities. To reveal the mechanisms of the activities of Polygoni Perfoliati Herba, the relationship between the fingerprinting profile and its bioactivities was investigated. In the present study, high-performance liquid chromatographic (HPLC) fingerprinting method was developed. The established method was applied to analyze 51 batches of Polygoni Perfoliati Herba samples collected from different locations or in different harvesting times in China. Chemometrics, including similarity analysis, hierarchical clustering analysis, and principal component analysis, were used to express their similarities. It was found that similarity values of the samples were in the range of 0.432-0.998. The results of analgesic tests indicated that Polygoni Perfoliati Herba could significantly inhibit pain induced by hot plate and acetic acid in mice. The results of anti-inflammatory tests showed that Polygoni Perfoliati Herba had good anti-inflammatory effects ( < 0.01) in two models including dimethyl benzene-induced ear edema and acetic acid-induced peritoneal permeability in mice. Combining the results from chromatographic fingerprints with those from bioactivities, we found that seven peaks from Polygoni Perfoliati Herba were mainly responsible for analgesic and anti-inflammatory activities.
Introduction
Polygoni Perfoliati Herba (PPH), the aerial part of Polygonum perfoliatum L., called "Gangbangui" in Chinese, is one of the traditional Chinese medicines (TCMs) in plant family Polygonaceae Polygonum [1] . It grows widely in Guizhou, Sichuan, Hunan, Guangxi, and others. Previous studies demonstrated that flavonoids [2] [3] [4] [5] [6] [7] , anthraquinones [4, 8] , phenylpropanoids [8] [9] [10] , terpenoids [8] , and volatile oils [11] were major chemical components of PPH. PPH was reported to have antibacterium [12, 13] , anti-inflammatory [12, 14] , expectorant, antitumor [15, 16] , and antivirus [14, 17] activities. As one of the "Miao medicines, " PPH is often used in Guizhou province and has been acknowledged by local people for the treatments of cough, fever, and food poisoning [1] . Recently, it has been used in more and more formulas as the main herb, especially in some preparations for the treatments of gynecological inflammation, such as "Kangfuyan" capsule, "Fuping" capsule, and "Fuyanxiao" capsule. However, basic researches in quality control of PPH were considerably deficient; only a few quantification methods have been reported [18] [19] [20] [21] [22] .
PPH has been used as the key raw material in formulas in many pharmaceutical companies, but, due to the lack of its basic researches, the active ingredients and the therapeutic mechanisms of PPH are still unclear so far.
In this study, it is aspired to (1) develop a chromatographic fingerprinting method of PPH, (2) analyze the fifty-one batches of PPH samples from different regions of China and find the variations of the chemical profiles, (3) investigate analgesic and anti-inflammatory activities of the selected twenty-five PPH samples, and (4) indicate and identify peaks potentially responsible for the activities obtained from different models. 
Materials and Methods

Plant Materials and Reagents.
A total of 51 batches of PPH samples were collected from different herbal markets or harvested from various regions in China, the information was summarized in Table 1 . These samples were deposited in the Research Center for Quality Control of Nature Medicine, Guizhou Normal University. 25 batches of them were used in the present study for exploration on bioactivities and profileeffect correlations.
Analytical-grade ethanol (Fuyu Co., Tianjin, China) was used for sample preparation. LC-grade methanol (TEDIA, Company Inc., USA) was used to dissolve the extracts. Analytical-grade phosphoric acid (Kelong Co., Chengdu, China), LC-grade acetonitrile (TEDIA, Company Inc., USA), and purified water were used as mobile phases. Evans blue (Solarbio Co., Peking) and dimethyl benzene (Chuandong Chemical Co., Chongqing, China) were of analytical grade used for pharmacological experiments.
Sample Preparation.
Each batch of dried PPH raw material was ground into powder (50 meshes).
(1) For HPLC analysis, 1.0 g of each powder was accurately weighed into a 150 mL conical flask and extracted with 80 mL of 70% ethanol for 3 h at 80 ∘ C using a Soxhlet apparatus. The extracted solution was filtered through analytical paper. Then the filtered solution was evaporated to dryness and the residue dissolved in 25 mL of methanol. The supernatant was filtrated through a 0.45 m membrane for HPLC analysis.
(2) For animal tests, 120 g of each powder was accurately weighed into a 2 L volumetric flask and extracted with 1.2 L of 70% ethanol according to extraction method mentioned previously. The filtered solution was evaporated to dryness. Each extract of PPH was dissolved in wide mouthed bottle using distilled water for animal tests. The U-HPLC/HRMS system consisted of an LTQ Orbitrap XL mass spectrometer with an Accela 1250 binary pump, a PAL HTC Accela TMO autosampler, and an Accela PDA detector (Thermo Fisher Scientific, San Jose, CA, USA). The column and elution conditions used were the same as those used in HPLC analysis except that the flow rate was set at 0.25 mL/min with a split ratio. The MS conditions were set as follows: sheath gas at 35 (arbitrary units), aux and sweep gas at 10 (arbitrary units), spray voltage at +3.5 KV/−3.0 KV, capillary temperature at 300 ∘ C, and heater temperature at 300 ∘ C. The mass range was from 120 to 1500 m/z with a resolution of 60000.
Validation of HPLC Fingerprinting
Method. Precision was assessed with repetitive injection of the same sample (sample no. 10) solution for six times per one day. Six independently prepared sample solutions of PPH (sample no. 10) were analyzed for repeatability evaluation. The stability test was determined with sample no. 10 analyzed at 0, 2, 4, 8, 12, and 24 h. Quercetin-3-O--D-glucuronide, a large single peak in the middle of the chromatograms of all the PPH samples, was assigned as the reference peak to calculate the relative retention time (RRT) and relative peak area (RPA). The RSD of RRT and RPA of common peaks were calculated for assessment of the established method. [23] [24] [25] . In the present study, SIMCA-P 11.5 (Umetrics AB, Umea, Sweden) was used for PCA after the mean centering and unit variance (UV) scaling were accomplished, using PA/W values as variables.
Analyses of HPLC
Selection of PPH Samples for Animal
Tests. Based on the chromatographic fingerprints, those samples with significant variations in chemical profiles were selected to investigate their analgesic and anti-inflammatory bioactivities as well as profile-effect correlations.
Analgesic and Anti-Inflammatory Activities of PPH
2.7.1. Animals. Female and male Kunming mice (20 ± 2 g) used in the present experiments were purchased from the Animal Laboratories Technique Department of Dongchuang (Changsha, China). The experimental animals were randomly divided into many groups, and each group had ten. They were housed in standard cages at a constant temperature of 20 ± 2 ∘ C with 12 h dark-light cycle for at least one week before the experiments. The mice were fed with food and water ad libitum. Animal tests were performed according to "Principles of Laboratory Animal Care and Use in Research" (Ministry of Health, Beijing, China).
Oral Administration of PPH.
Mice were orally administered with three doses (1400 mg/kg, 2800 mg/kg, and 5600 mg/kg) of ethanol extracts of the selected 25 batches of PPH (shown in Table 2 ) and aspirin (300 mg/kg, reference drug; Pingguang Pharmacy of Jiangsu, China) once a day, respectively. The mice in control group were given the same volume of distilled water. The doses for oral administration were confirmed according to the method described in the literature [26] and were suitable for the study.
Hot Plate Test.
Hot plate test was performed according to the previously described methodology [27] . Briefly, mice were placed on a hot plate maintained at 55 ± 0.5 ∘ C. The time that elapsed until occurrence of either a hind paw licking or a jump off the surface was recorded as the hot plate latency. Mice with baseline latencies of >30 s or <5 s were excluded from the study. After the determination of baseline response latencies, hot plate latencies were measured at 15, 30, 60, and 90 minutes after the last administration of the extracts of the 25 batches of PPH, aspirin, and distilled water. If mice did not lick their hind paws within 60 s, 60 s would be recorded as the value. For each group, the percentages of pain inhibition were calculated according to the following formula: pain inhibition percentage (PIP) = (T1 − T0) × 100/T0, where T1 is latency after drug and T0 is latency before drug. Differences in preand post-drug latencies were analyzed by Student's t-test.
Acetic Acid-Induced Writhing Test.
Acetic acid-induced writhing test was performed according to the literature [28] . The mice were injected i.p. with 0.1 mL/10 g of 0.6% acetic acid 30 min after the last oral administration of the ethanol extracts of PPH and aspirin. Control animals received distilled water under the same experimental condition. The number of writhing reflexes was counted during the following 15 min.
Dimethyl Benzene-Induced Mice Ear Edema Test.
The anti-inflammatory effect of PPH was investigated in acute inflammation method [29] with some modifications. On the 8th day, 45 min after mice were orally administered with the drugs, the right ear of each rat was applied with dimethyl benzene (40 L) on both ear surfaces, and the left ear was used as the control. The animals were executed by cervical dislocation after 15 min. A 6 mm section from each ear was moved with a metal punch and weighed. The edema weight and inhibition percentage are evaluated according to the following equations:
edema weight = weight of the right ear − weight of the left ear, inhibition% = ( (edema weight of control group − edema weight of the drug groups)
× (edema weight of control) −1 ) × 100%.
(1)
Acetic Acid-Induced Vascular Permeability in Mice.
This test was performed using the method described by Whittle [30] with some modifications. Briefly, the mice received PPH extracts, aspirin, and distilled water once a day for 7 days. Half an hour after the last treatment, each mouse was injected with 0.2 mL of 2% Evan's Blue in normal saline solution intravenously through the tail. Thirty minutes later, Evidence-Based Complementary and Alternative Medicine 5 each mouse was injected intraperitoneally with 0.2 mL of 0.6% acetic acid (v/v). Twenty minutes after intraperitoneal injection later, the mice were killed, and the peritoneal cavities were exposed and washed with 5 mL of normal saline to collect pigments in a test tube. After being centrifuged, the absorbance of each supernatant was measured at 590 nm using an ultraviolet spectrophotometer.
Statistical Analysis.
Comparison between treated groups and control groups was carried out by ANOVA and Student's t-tests. < 0.05 was considered to be different significantly.
Results and Discussion
Optimization of Extraction Conditions.
Selection of an extraction strategy plays an important role for the fingerprint analysis of TCM on account of its complexity. In order to develop an optimum extraction process, heating reflux extraction and ultrasonic extraction methods were evaluated. As a result, stronger signals of the characteristic peaks were obtained using reflux extraction, which was then selected as the extraction method.
With regard to extraction solvents, methanol, ethanol, and ethyl acetate were tested in the present study, and the results indicated that ethanol was the most preferred one. Then, different concentrations of ethanol solution (60%, 70%, 80%, and 95%) were tested. The results showed that 70% aqueous ethanol was the preferred one which gave the most abundant fingerprinting information. PPH powder (1 g) was extracted with 70% ethanol for 1, 2, 3, and 3.5 h, respectively. It was found that peak areas of the reference compounds did not increase significantly any more ( < 0.05) after the sample was extracted for 3 hours, which was then set as the best extraction time. Based on the previous results, the extraction times and solvent volume were further optimized; as a result, extraction method was finalized, as stated in "sample preparation. "
Optimization of HPLC Conditions.
To establish an ideal fingerprint, the decisive chromatographic parameters including columns, mobile phases, flow rate of mobile phases, and detection wavelengths, were optimized. Different columns (ZORBAX SB-C 18 , Eclipse XDB-C 8 , and LiChrospher-C 18 ) were tested in the present study before LiChrospher-C 18 column (250 × 4.6 mm, 5 m) was finally selected as the column of choice. In order to gain better baseline, resolution, and peak shape, three kinds of acids, acetic acid, formic acid, and phosphoric acid, were investigate. The results demonstrated that the best baseline and the most satisfactory resolution of major peaks could be obtained using acetonitrile and 0.05% (v/v) phosphoric acid as mobile phases. DAD was used to acquire chromatograms from 190 to 400 nm; finally, 340 nm was selected as detection wavelength to get chromatographic fingerprints.
HPLC Fingerprint and Similarity
Analysis. LC chromatographic fingerprints of 51 batches of PPH were used to get Figure 1 . Thirteen common peaks were found within 85 min and shown in Figure 1 . The RSDs of RRT and RPA of the thirteen common peaks are listed in Table 3 .
Similarities of the PPH samples were calculated using mean fusion vector method; the results are listed in Table 4 . These similarity values were in range of 0.432-0.998, which could be divided into three ranges, below 0.90 (7 batches), 0.90-0.99 (30 batches), and 0.99-1.00 (14 batches). Two meaningful phenomena were found from the similarity S50  S49  S48  S47  S46  S45  S44  S43  S42  S41  S40  S39  S38  S37  S36  S35  S34  S33  S32  S31  S30  S29  S28  S27  S26  S25  S24  S23  S22  S21  S20  S19  S18  S17  S16  S15  S14  S13  S12  S11  S10  S9  S8  S7  S6  S5  S4  S3 S2 S1 
Hierarchical Clustering Analysis.
Hierarchical clustering analysis is one of the statistical systematic methods that can evaluate the resemblance, as well as the classification of different objects.
In the present study, 13 peaks which existed in all the chromatograms were selected as common peaks, which are showed in Figure 1 . The relative peak areas of these common peaks were calculated, forming a 13 (peaks) × 51 (samples) matrix, before HCA. The matrix was performed by SPSS, which generated a dendrogram shown in Figure 2 , indicating the similarities of the samples. The dendrogram showed clearly that the 51 tested samples were divided into two main clusters: I and II, which were further divided into four subgroups: A, B, C, and D. The samples with similar chemical profiles were clustered into the same subgroup. It was found that (1) samples from the same region were not clustered into one group, but those with similar RPA values of common peaks were classified into the same group; (2) big peaks played more important roles than small ones in classification.
PCA.
Principal component analysis is a method of multiple statistical analysis applying the degradative ideal to transformed multicriteria to a few synthetic index; it uses fewer variable to explain the most variables of aboriginal data. In the present study, RPA of the 13 common peaks were used as the variables for PCA in SIMCA-P software to analyze the similarities of the 51 batches of samples. The scores plot obtained from PCA is shown in Figure 3 . It is shown that the samples mainly distribute into three domains; D   14  47  42  43  13  35  2  6  34  45  16  39  15  49  51  37  26  30  17  44  18  10  7  29  27  41  1  31  8  40  28  4  38  24  46  3  25  23  21  33  5  22  11  19  50  9  48  12  32  36  20   5  0  10  15 sample no. 28 can be regarded as an outlier which locates outside the ellipse (95% confidence interval); samples no. 42 and no. 13 distribute closely, while the others are in a big domain. To find the peaks which were responsible for the distribution of the samples in scores plot, loadings plot ( Figure 4 ) was generated. The loadings plot indicated that two peaks at retention time of 12.524 min (phenolic compounds) and 34.464 min (quercetin-3-O--D-glucuronide) might have the most significant influence on the classification of the samples than other peaks, and they might be regarded as the chemical markers for quality control on different PPH.
Selection of Representative Samples for Bioactive Experiments.
On the basis of chromatographic fingerprints of the 51 batches of PPH and the chemometrics including similarity evaluation, PCA, and HCA, 25 batches of PPH with different chemical profiles were selected for researches on their activities and for profile-efficiency study.
Analgesic and Anti-Inflammatory Activities of PPH
Hot Plate Test.
The results of hot plate test are presented in Figure 5 (C and As represent the control group and the aspirin group, resp.); it indicated that the 25 batches of PPH samples had distinct effects on pain compared with control group and aspirin group ( < 0.01). The pain thresholds of the PPH groups after administration were higher than those before administration ( < 0.01). 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 groups. Sample no. 18 had the best analgesic activity when orally administrated at 2800 mg/kg in all samples. However, samples 1, 8, and 10 did not suppress the pain of mice induced by hot plate in the study.
Writhing Test.
The results of acetic acid-induced writhing responses in mice were indicated in Figure 6 . It was demonstrated that 25 batches of ethanol extracts of PPH at three doses (1400, 2800, and 5600 mg/kg) could significantly reduce the number of writhing and delay the response latency in comparison with the values obtained from control group ( < 0.01). The activity of sample no. 23 was the best at the dose of 2800 mg/kg, and the inhibition rate compared with the value from the control group was 80.74% ( < 0.01), 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 Group Control Aspirin 1400 mg/kg 5600 mg/kg As 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 Group Aspirin 1400 mg/kg 5600 mg/kg 1 2 3 4 5 6 7 8 9 10111213141516171819202122232425 Group Control Aspirin 1400 mg/kg 5600 mg/kg 2800 mg/kg As 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 Group Aspirin 5600 mg/kg 1400 mg/kg 2800 mg/kg which was higher than the one from aspirin group at the dose of 300 mg/kg (73.26%, < 0.0001).
Dimethyl-Benzene Induced Mice Ear Edema Test.
Dimethyl benzene-induced mice ear edema test is an experiment investigating anti-inflammatory activity. The results obtained from this model were presented in Figure 7 . It was found that PPH significantly restrained the dimethyl benzene-induced ear edema at three doses compared with the values obtained from control group. Moreover, the inhibition rates of sample no. 2 were 63.91% ( < 0.01) and 60.22% ( < 0.01) at doses of 1400 and 5600 mg/kg, respectively, which were both better than the values from aspirin group (55.53%, < 0.0001). Figure 8 shows the results of abdominal cavity vascular permeability test in mice, which shows that OD values of abdominal cavity lotion from PPH groups and aspirin group are lower than those from control group, indicating that the 25 batches of PPH samples significantly inhibited the acetic acid-induced vascular permeability in mice ( < 0.01). Aspirin is used as an antiinflammatory drug to reduce acute inflammatory response; the inhibition rate of aspirin at the dose of 300 mg/kg was about 63.87% compared with the value obtained from control group. Samples nos. 12, 22, 23, and 24 had better inhibitory effects than aspirin at dose of 300 mg/kg. The inhibition of sample 24 was 80.18% at the dose of 2800 mg/kg, which was the highest one in all the samples.
Vascular Permeability Test in Mice.
Profile-Efficacy Study of PPH.
The 25 batches of PPH which were used for pharmacological studies were analyzed using the established fingerprinting method. Their overlapped fingerprinting chromatograms are shown in Figure 9 . Fifteen characteristic peaks are marked and shown in Figure 10 , among which peaks 2, 3, 4, 5, 6, 7, 10, 11, 16, 17, and 18 were identified as quercetin-3-O--D-glucuronide, quercetin-3-O--D-glucuronide methyl ester, ajugasterone C-20, 22-monoacetonide, quercetin, hydropiperoside, vanicoside C, vanicoside B, vanicoside F, parakmerin A, Ohydroxycinnamoyl--D-glupyranoside, and helonioside B, respectively, by comparing their retention times, UV spectra with standards, and some peaks were identified by comparing MS fragmentation with those of the reference compounds [7, 8, [31] [32] [33] [34] [35] [36] , which was shown in Table 5 . Bivariate correlation analysis using SPSS (version 18.0) was performed to study the Table 6 . The results show that the correlation coefficients of peaks 1 and 15, parakmerin A, O-hydroxycinnamoyl--D-glupyranoside, quercetin-3-O--D-glucuronide, quercetin-3-O--D-glucuronide methyl ester, and quercetin with the efficacies are higher than those from other peaks, indicating that the seven peaks are positively correlated with analgesic effect ( < 0.05).
The Profile-Efficacy Relationship Obtained from
Writhing Test. The correlation coefficients between the characteristic peaks in chromatographic fingerprints and the analgesic efficacy obtained from writhing test were shown in Table 7 On the whole, with the aid of bivariate correlation analysis using SPSS software, the correlations of the characteristic peaks with the analgesic and anti-inflammatory activities of PPH were revealed. The research finding indicated that peaks 1 and 15, parakmerin A, O-hydroxycinnamoyl--Dglupyranoside, quercetin-3-O--D-glucuronide, quercetin-3-O--D-glucuronide methyl ester, and quercetin have good interrelationship with the analgesic and anti-inflammatory activities of PPH. Peak 1 was tentatively identified as one of the phenol compounds with the aid of 1 H-NMR and 13 C-NMR data to the best of our abilities.
Conclusions
In the present study, a simple, accurate, and validated chromatographic fingerprinting method was developed to analyze 51 batches of PPH samples collected from different regions in China. Thirteen peaks were designated as "common peaks" in chromatographic fingerprints of all the 51 Anti-inflammation activity of PPH was evaluated with both dimethyl benzene-induced mouse inflammation model and acetic acid-induced mouse vascular permeability model. The analgesic activity of PPH was evaluated using hot plate test and acetic acid-induced writhing test. Experimental results indicated that the ethanol extract of PPH possessed good activities against inflammation and pain.
Bivariate correlation analysis was performed to reveal the relationships between fingerprinting profiles and pharmacological activities of PPH. The results indicated that eight peaks had positive correlations with analgesic activities; meanwhile, seven had positive correlations with anti-inflammatory activities.
